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Abstract. The nucleotide sequences of four inter-
genic spacer regions of chloroplast DNA, atpB-
rbcL, trnS-trnG, rps11-rpl36, and rps3-rpl16, were
analyzed in the genus Glycine. Phylogenetic anal-
ysis based on the sequence data using Neonotonia
wightii as the outgroup generated trees supporting
the classiﬁcation of two subgenera, Soja and
Glycine, and three plastome groups in the subgenus
Glycine. The results were consistent with the
presence of diversiﬁed chloroplast genomes within
tetraploid plants of G. tabacina and G. tomentella,
as well as with a close relationship between
G. tomentella and G. dolichocarpa that had been
suggested based on morphological analyses. Little
sequence variation was found in the subgenus Soja,
suggesting that G. soja rapidly expanded its distri-
bution in East Asia. The analysis also showed that
the diﬀerentiation into three plastome groups in the
subgenus Glycine occurred in the early stages of its
evolution, after the two subgenera diverged.
Key words: Glycine, wild soybean, Glycine soja,
intergenic spacer sequences, chloroplast DNA,
phylogenetic relationships.
Introduction
The genus Glycine consists of the subgenera
Soja andGlycine. The subgenus Soja consists of
G. max, cultivated soybean, and its wild annual
progenitor, G. soja (Hymowitz and Singh
1987), which is distributed in East Asia,
including Japan, Korea, China, Russia, and
Taiwan. G. max and G. soja are both diploid
(2n¼ 40) and interfertile. These two species are
thought to share the same genetic variation,
although G. soja is much more variable than
G. max. Polymorphisms of chloroplast DNA
(cpDNA; Shoemaker et al. 1986, Close et al.
1989, Lee et al. 1992, Shimamoto et al. 1992,
Powell et al. 1996), as well as mitochondrial
DNA (mtDNA) and nuclear DNA, have been
used to examine cytoplasmic diversity in the
subgenus Soja. We have amassed numerous
accessions belonging to the subgenus Soja and
evaluated the genetic diversity in the subgenus
using cpDNA polymorphisms (Shimamoto
et al. 1998, 2000; Abe et al. 1999; Shimamoto
2001). Shimamoto et al. (1992) classiﬁed the
collections into three cpDNA types (types I, II,
and III) based on restriction fragment length
polymorphisms (RFLPs). These types appeared
to be identical to cpDNA Groups, I, II, and
III–VI of Close et al. (1989), respectively. In
G. soja, types III and II cpDNA are predomi-
nant, while type I cpDNA is rarely detected
(Shimamoto et al. 1998,Abe et al. 1999).On the
other hand, type I cpDNA is predominant in
Plant Syst. Evol. 239: 29–54 (2003)
DOI 10.1007/s00606-002-0226-9
G. max (Shimamoto et al. 2000, Shimamoto
2001). Xu et al. (2000) examined sequence
variation in the non-coding regions of cpDNA
sequences in the subgenus Soja using 19 acces-
sions and by PCR-RFLP analysis using 124
accessions (Xu et al. 2001). They showed that
the type I and type II chloroplast genomes form
a group that is distinct from the type III
chloroplast genome.
The subgenus Glycine consists of 16 wild
perennial species, which are distributed over a
wide geographical area that includes Australia,
islands in the west central and south Paciﬁc,
Southeast Asia, and Taiwan (Hymowitz 1970).
These include diploid (2n¼ 40), tetraploid
(2n¼ 80), aneudiploid (2n¼ 38), and aneu-
tetraploid (2n¼ 78) cytotypes. The subgenus
Glycine has been classiﬁed into genome groups
using meiotic pairing in intra- and inter-speciﬁc
hybrids primarily (Singh and Hymowitz 1985).
Further classiﬁcation and analysis of phyloge-
netic relationships among species in the subge-
nus Glycine has been based on DNA variation,
including cpDNA restriction-site variation
(Doyle et al. 1990a, b), nucleotide variation in
the nuclear ribosomal DNA (rDNA) intergenic
spacer (ITS) region (Kollipara et al. 1997), a
nuclear locus that showed restriction fragment
length polymorphism,A-199a (Zhu et al. 1995),
and histone gene H3-D (Doyle et al. 1999a, b).
Genome symbols have been assigned to each
species based on the results of cytogenetic
studies, isozyme analysis (see Hymowitz et al.
1998), and sequence analysis of the nuclear
rDNA ITS region (Kollipara et al. 1997).
The symbols A, B, and C were assigned to
chloroplast genomes using restriction-site vari-
ation (Doyle et al. 1990a). G. tabacina and
G. tomentella include tetraploid plants. Singh
and Hymowitz (1985) proposed that the tetrap-
loidG. tabacina andG. tomentella are polyploid
species complexes that originated through
allopolyploidization, which resulted in diverse
morphologies that are widely distributed geo-
graphically (for a review, see Hymowitz et al.
1998). The polyploid complexes of G. tabacina
(Doyle et al. 1990b, c, d, 1999b) and G. tomen-
tella (Doyle and Brown 1989) are both thought
to have multiple origins, and the dissemination
of these species from Australia to various west
central and south Paciﬁc islands wasmost likely
due to migratory birds (Hymowitz et al. 1990).
In this study, we analyzed the nucleotide
sequences of four cpDNA intergenic spacer
regions using accessions from the genus Gly-
cine since most of the variations found so far
within the subgenus Soja is in the intergenic
spacer regions (see Xu et al. 2000). We hoped
to understand the phylogenetic relationships
between sequences from the subgenera Soja
and Glycine using Neonotonia wightii as the
outgroup. We also determined the cytoplasmic
donors in the hybridization events that result-
ed in the formation of allopolyploid complex-
es of G. tomentella and G. tabacina, using
plants growing in Taiwan primarily. To our
knowledge, no analysis of the chloroplast
genomes of G. tomentella from Taiwan has
been reported. In addition, we analyzed the
cpDNA of G. dolichocarpa, a species recently
recorded from Taiwan (see Tateishi and Oha-
shi 1992), in order to understand its relation-
ship with other species in terms of DNA
variation. This is the ﬁrst extensive report on
the phylogeny of the chloroplast genomes in




Fifty-four G. soja accessions and 18 accessions
for 12 species in the subgenus Glycine were used
for the analysis. Nineteen accessions for the
subgenus Soja (see Table 1) and 4 accessions for
the subgenus Glycine (see Table 2) that we
analyzed previously (Xu et al. 2000) were also
used for the phylogenetic analysis. In total, 7
G. max accessions, 66 G. soja accessions that
were collected from natural habitats in Far
Eastern Russia (2 accessions), China (16), South
Korea (18), and Japan (30) (Table 1), and 22
accessions from 12 species in the subgenus
Glycine (Table 2) were used for the analysis.G. doli-
chocarpa ‘E00009-5’ was formerly classiﬁed as
G. tomentella (Xu et al. 2000), but has recently been
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Table 1. Species and accessions of the subgenus Soja examined in this study
Species Accessions Origin cpDNAa mtDNAb
G. max Waseohsaya* Ibaraki, Japan I IVb
Aogozen* Chiba, Japan II IVc
Chasengoku13* Mie, Japan III VIIIc
Hualaidadou* Gansu, China I IVa
Wuhuasiyuehuang* Guandong, China II IVc
Shichengqingpidou* Jianxi, China III Ic
Peking* China III IVa
G. soja B01076* Hokkaido, Japan III IVa
B02117 Iwate, Japan II IVb
B02160 Miyagi, Japan III Ic
B04116 Chiba, Japan III Ic
B06027 Hyogo, Japan III Ic
B07001 Kagawa, Japan II IIIb
B07009* Ehime, Japan II IVb
B07019 Tokushima, Japan III Ic
B07108* Kochi, Japan III Va
B08007 Shimane, Japan I IIIb
B08008 Shimane, Japan I IIIb
B08021 Shimane, Japan II IVb
B08038 Yamaguchi, Japan III Ic
B08050 Shimane, Japan III Ic
B08051 Shimane, Japan I IIIb
B08052 Shimane, Japan III Ic
B08056 Shimane, Japan III Ic
B09002 Kumamoto, Japan III IIg
B09023 Kumamoto, Japan II IIIb
B09049 Kagoshima, Japan II Ic
B09051* Oh-ita, Japan I IVb
B09055-1* Kumamoto, Japan I IVb
B09055-2 Kumamoto, Japan I IVc
B09061 Miyazaki, Japan III Ic
B09072-1 Kumamoto, Japan II IVb
B09072-2 Kumamoto, Japan I IVc
B09072-3 Kumamoto, Japan I IVc
B09073-1 Kumamoto, Japan I IVb
B09073-2 Kumamoto, Japan I IVb
B09078 B-1 Kumamoto, Japan II IVb
B00141 Amrskaya, Russia III IVa
B00151 Amrskaya, Russia III IVa
N23239 061-4* Anhui, China III Ie
N23241 016-5 Anhui, China III Ie
N23197 020-1 Henan, China II Va
N23422 Jilin, China III IVa
N23319 032-4 Hunan, China III Ie
N23270 065-5 Hubei, China III IVb
N23271 075-3 Hubei, China III IVh
N23295 008-3 Jianxi, China II Vb
N23302 022-1* Jianxi, China II Vb
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re-classiﬁed asG. dolichocarpa (Thseng, unpublished
results). The cpDNA and mtDNA types of the
G. max andG. soja accessions used in this study have
already been analyzed by RFLP analyses (Kanaza-
wa et al. 1998a; Tozuka et al. 1998; Shimamoto
et al. 1998, 2000; Abe et al. 1999; see Table 1). Our
research group collected G. max and G. soja plants
and plants of the subgenus Glycine in Taiwan. Seeds
of the other accessions of the subgenus Glycine were
gifts from Dr. T. Hymowitz of the University of
Illinois, USA. Two N. wightii accessions were
included in this study as outgroups. N. wightii seeds
were a gift from Dr. I. Nakamura of the National
Institute of Genetics, Japan (currently at Chiba
University). Plants were raised in a greenhouse and
used to isolate DNA.
Chromosome analysis
Root tips, 1 to 2 cm long, were excised and ﬁxed
in ethanol: acetic acid (3:1, v/v) without pretreat-
ment. The ﬁxed root tips were macerated with an
enzyme cocktail (2% Cellulase Onozuka RS,
Yakult, Japan; 1.5% Macerozyme R200, Yakult:
0.3% Pectolyase Y-23, Seishin Pharmaceutical
Co., Japan; 1 mM EDTA, pH 4.2 ) in a microtube
at 37 C for 20–40 min, depending on the
condition of the material. After maceration, the
root tips were fragmented by tapping with the tip
of a ﬁne forceps in the presence of some drops of
the ﬁxative, and then air-dried. Chromosomes
were stained with Giemsa solution and observed
under a microscope.
Table 1 (continued)
Species Accessions Origin cpDNAa mtDNAb
N23232 060-3 Jiangsu, China II IVb
N23168 002-5 Shanxi, China III IVa
N23181 004-1 Shandong, China II IVb
N23344 Fujian, China II IVb
N23339 070-3* Fujian, China II IVb
N23349 092-5 Fujian, China II IVb
N23462 Liaoning, China III Va
B00038 Chungchognam-do, Rep. Korea II IVb
B00040 Chungchongbuk-do, Rep. Korea III Vb
B00048 Chollanam-do, Rep. Korea III IVa
B00054 Kyongsangbuk-do, Rep. Korea III Vb
B00055* Kyongsangbuk-do, Rep. Korea III Vb
B00058 Chungchongbuk-do, Rep. Korea II IVb
B00062 Kyonggi-do, Rep. Korea II Vb
B00089 Kangwon-do, Rep. Korea III Ic
B00093 Kyongsangbuk-do, Rep. Korea III IVa
B00097-1* Kyongsangnam-do, Rep. Korea II Vb
B00097-2 Kyongsangnam-do, Rep. Korea II Vb
B00098 Kyongsangnam-do, Rep. Korea III IVa
B00099 Kyongsangnam-do, Rep. Korea II IVb
B00100* Chungchongbuk-do, Rep. Korea III IVa
B00101 Chungchongbuk-do, Rep. Korea II IVb
B00104-1* Cheju-do, Rep. Korea III Ia
B00104-2 Cheju-do, Rep. Korea II IVc
B00106 Cheju-do, Rep. Korea II IVc
*Nucleotide sequences of four cpDNA regions, atpB-rbcL, trnS-trnG, rps11-rpl36 and rpl16-rps3, have
been analyzed (Xu et al. 2000). In other accessions, nucleotide sequences of two cpDNA regions, rps11-
rpl36 and rpl16-rps3, were analyzed
aCpDNA types (Shimamoto et al. 1998, 2000; Abe et al. 1999)
bMtDNA types (Tozuka et al. 1998; Shimamoto et al. 1998, 2000)
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Fig. 1. Aligned sequences of the rps11-rpl36 intergenic spacer of cpDNA in the genus Glycine and N. wightii.
Asterisks above the sequences indicate the presence of mutations. Dashes indicate gaps. Numbers indicate
positions of nucleotides that are numbered consecutively from the 50 to 30. Indels are indicated above the
sequences with consecutive numbers from 50 to 30 in the order of cpDNA regions atpB-rbcL, trnS-trnG, rps11-
rpl36 and rps3-rpl16. Boxes indicate direct repeats found within or adjacent to indels. Dotted lines below the
sequences indicate microsatellite variations. For abbreviations of the names of accessions of the subgenus
Glycine, see Table 2
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Isolation of DNA
Total DNA was isolated from leaves of one- to
two-month-old plants following the method of
Doyle and Doyle (1987).
PCR ampliﬁcation
Portions of cpDNA were ampliﬁed from total
DNA by PCR. Each cycle of PCR consisted of
denaturation for 1 min at 94 C, annealing for 2
min at 50 C, and extension for 2 min at 72 C. This
cycle was repeated 30 times. The PCR primers were
designed to amplify four regions of cpDNA, atpB-
rbcL, trnS-trnG, rps11-rpl36, and rps3-rpl16, as
described previously (Xu et al. 2000). All these
regions are located in the large single copy region
of cpDNA.
DNA sequence analysis
DNA fragments ampliﬁed by PCR were used for
DNA sequencing either directly or after being
cloned into pGEM-T Easy (Promega). DNA was
sequenced with a DNA sequencer (ABI PRISM
377 DNA sequencer, Applied Biosystems). The
nucleotide sequences of both DNA strands were
analyzed. PCR ampliﬁcation from total DNA and
sequencing of the PCR products were repeated
three times for each individual plant to conﬁrm
the sequence variation observed. The nucleotide
sequence data will appear in the DDBJ/GenBank/
EMBL database under the accession numbers
AB086985-AB087014 (for the region atpB-rbcL),
AB087015-AB087044 (for the region trnS-trnG),
AB087045-AB087074 (for the region rps11-rpl36),
and AB087075-AB087104 (for the region rps3-
rpl16). The order of accessions in deposited
sequences for each region is the same as that
appeared in Fig. 1 and Tables 3–6 of this study.
Phylogenetic analysis
The following sequences were used for the phyloge-
netic analysis: a 538-bp sequence beginning 23 bp
upstream from atpB, a 762-bp sequence upstream
from trnS, a 296-bp sequence beginning 13 bp
upstream from rps11, and a 329-bp sequence (a
144-bp coding sequence of rps3 and a 185-bp
intergenic spacer sequence between rps3 and rpl16)
upstream from rpl16. The DNA sequence data from
each accession were initially aligned using Auto
Assembler (Perkin-Elmer) and GENETYX MAX
ver. 8.0 (Software Development), and then re-
aligned by hand to minimize sequence mismatches.
Basically, gaps were introduced when sequence
identity of the neighboring sequences increased by
an introduction of gap(s). When multiple possibil-
ities for numbers of insertions or deletions (indels)
arose by introductions of gaps, fewer indels were
preferred so that occurrence of fewer evolutionary
events was assumed. In many cases common indels
were shared between diﬀerent accessions (seeFig. 1).
An exception was gap introductions in the sites of
microsatellite variations, in which diﬀerent numbers
of gaps were introduced in diﬀerent accessions (see
Fig. 1). The data included previously analyzed
sequences (Xu et al. 2000). Cladistic parsimony
analyses were carried out using the heuristic search
strategies in PAUP ver. 3.0 (Swoﬀord 1989). The
shortest trees were found with 100 replications of
RANDOM addition sequences and tree bisection-
reconnection (TBR) branch swapping employing
MULPARS. Character changes were optimized
with accelerated transformation (ACCTRAN).
Gaps were treated as missing data. Bootstrap values
were calculated with 100 replicates using TBR
swapping of the results of the heuristic search.
A phylogenetic tree was also constructed using
the Neighbor-Joining (NJ) method (Saitou and
Nei 1987). The number of nucleotide substitutions
between each pair of sequences was estimated by
Kimura’s (1980) two-parameter method.
Results
Sequence variations in cpDNA
in the genus Glycine
Nucleotide sequences of the intergenic spacer
regions of cpDNA from the genus Glycine were
analyzed. Previously, we analyzed sequences
of cpDNA regions including atpB-rbcL, trnS-
trnG, rps11-rpl36, rps3-rpl16 in 19 accessions
from the subgenus Soja (see Table 1; marked
by asterisks) and 4 accessions from the subge-
nus Glycine (see Table 2; marked by asterisks)
(Xu et al. 2000). In the present study, we
analyzed the sequences of regions rps11-rpl36





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































44 M. Sakai et al.: Chloroplast DNA phylogeny in the genus Glycine
and rps3-rpl16 for 54 accessions from the
subgenus Soja (see Table 1) to search for
further variation. We also analyzed the se-
quences of the four cpDNA regions using 18
accessions for the subgenus Glycine and two
N. wightii accessions (see Table 2), to examine
phylogenetic relationships within the genus
Glycine. The new and existing (Xu et al. 2000)
data were combined for sequence comparisons
(Tables 3–6) and the subsequent phylogenetic
analysis. A sequence alignment of the region
rps11-rpl36 is shown in Fig. 1.
In the subgenus Soja, three polymor-
phisms were detected in cpDNA regions
rps11-rpl36 and rps3-rpl16 in the 54 new
sequences: 1) an A/C substitution in an EcoRI
site that distinguishes type III cpDNA from
types I and II; this is located 35 bp down-
stream from rpl36 (rps11-rpl36, position 262,
see Table 5); 2) a deletion of one copy of a
ﬁve-base (AAAAT) direct repeat 166 bp
downstream from rpl36 (rps11-rpl36, position
93, see Table 5); and 3) a C/A substitution in
a ClaI site that distinguishes type I cpDNA
from types II and III, located 73 bp upstream
from the 30 end of rps3 (rps3-rpl16, position
72, see Table 6).
Kanazawa et al. (1998b) found that the
mutations responsible for the EcoRI and ClaI
restriction-site polymorphisms are both single
base substitutions. We detected the same bases
at these two sites in accessions classiﬁed into
the same cpDNA types (types I–III) based on
our RFLP analysis, suggesting that each poly-
morphism is due to a single evolutionary event.
The ﬁve-base deletion detected in G. max
cultivar ‘Peking’ (Kanazawa et al. 1998b) and
in G. soja ‘B00100’ (Xu et al. 2000), was
detected in G. soja ‘B00138’ in this study.
These mutations were included in the six
mutations that we found previously in the
four cpDNA regions (Kanazawa et al. 1998b,
Xu et al. 2000). No novel mutations were
detected within the subgenus Soja in this study,
although we used more sequences (54 acces-
sions) than for previous analyses (19 acces-
sions; Xu et al. 2000), and the collection sites
cover a wide range of G. soja habitats in East
Asia where mtDNA polymorphisms have been
found (see Table 1). This indicates that very
little cpDNA sequence variation has accumu-
lated in the subgenus Soja.
In contrast to the subgenus Soja, much
variation (185 mutations) was detected in the
subgenus Glycine. The sequence variation in
the four cpDNA intergenic spacers observed
in our analyses (this study; Xu et al. 2000) is
summarized in Table 7. Nucleotide substitu-
tions were detected at 41, 66, 27, and 14 sites
in the regions atpB-rbcL, trnS-trnG, rps11-
rpl36, and rps3-rpl16, respectively, in the
genus Glycine. The rate of base substitution
(total number of nucleotide substitutions/
total number of nucleotides) was 0.084,
0.110, 0.112, and 0.046 in the regions atpB-
rbcL, trnS-trnG, rps11-rpl36, and rps3-rpl16,
respectively. In the region rps11-rpl36, where
substitutions were detected most frequently,
the transversion to transition ratio was higher
and the GC content was lower than in the
other regions. The lower substitution rate in
the region rps3-rpl16 occurs because the
sequence includes a portion (144 bp) of the
rps3 coding region. In addition to base
substitutions, indels of various lengths were
detected. The length diﬀerence varied from 1
bp, which includes microsatellite variations,
to 132 bp found in the region atpB-rbcL. We
identiﬁed 36 indels of more than 2 bp in the
four cpDNA regions in the genus Glycine and
N. wightii, and designated them as indels 1 to
36 (see Fig. 1; Tables 3–6). Direct repeats of
2–25 bp were found within or adjacent to indels
1, 2, 4, 6, 8, 9, 10, 12, 13, 14, 15, 18, 19, 20, 22, 23,
25, 26, 27, 28, 29, 30, 32, 33, 34, and 36.
Microsatellite variations were found in the
following sites, in which length of A or T
stretches varied: positions 315–316 (T stretch)
and positions 515–519 (A stretch) in the region
atpB-rbcL; positions 79–85 (A stretch) and
positions 407–413 (A stretch) in the region
trnS-trnG; positions 160–161 (T stretch) in
the region rps11-rpl36 (see Fig. 1); positions
209–213 (T stretch) in the region rps3-rpl16.
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Phylogenetic relationships of chloroplast
genomes in the genus Glycine
The cpDNA sequence data obtained so far for
the genus Glycine (this study; Xu et al. 2000)
were used for a phylogenetic analysis based on
base substitutions. These include sequences for
22 accessions in the subgenus Glycine, and 6
diﬀerent sequences detected in the subgenus
Soja: a type I cpDNA sequence (‘‘Soja type I’’),
a type II cpDNA sequence (‘‘Soja type II’’), a
sequence found in the majority of type III
cpDNA (‘‘Soja type III-common’’), a sequence
found in G. soja ‘B00100’ and ‘B00138’ (‘‘Soja
type III-B00100’’), a sequence for the G. max
cultivar ‘Peking’ (‘‘Soja type III-Peking’’), and a
sequence for G. soja ‘B00055’ (‘‘Soja type
III-B00055’’).
Aligned sequences for the four cpDNA
regions, which were 1924 bp in length, were
analyzed. We included the N. wightii sequences
in the phylogenetic analysis as the outgroup to
root the trees, because the genus Neonotonia,
which was previously included in the genus
Glycine as the subgenus Bracteata (see Hymo-
witz et al. 1998), is closely related to the genus
Glycine. A phylogenetic analysis based on
nuclear locus A-199a sequences showed that
the genus Neonotonia is more closely related
to the genus Glycine than to Amphicarpa and
Teramnus, which are also members of the
Glycininae (Zhu et al. 1995).
A parsimony analysis of the sequence data,
in which character state changes were weight-
ed equally, generated 24 most parsimonious
trees, each with a length of 530, a consistency
index (CI) of 0.721, a retention index (RI) of
0.861, and a rescaled consistency index (RC)
of 0.620. The strict consensus of the 24 trees is
shown in Fig. 2. The strict-consensus tree
retained two major clades (Clades I and II).
Clade I and Clade II corresponded to the
subgenera Soja and Glycine, respectively. In
Clade I the type I and II cpDNAs from
the subgenus Soja were distinguished from
four kinds of type III cpDNA. ‘‘Soja type
III-B00055’’ was located as the sister group of
the other sequences.
Clade II, the subgenus Glycine, was subdi-
vided into two major clades (Clades III and
IV). Clade IV contained a group consisting
of two G. tabacina accessions (‘PI373990’ and
‘PI483204’), G. microphylla, and G. latifolia,
and a group containing G. curvata and
G. cyrtoloba. Other than G. tabacina, the
species in these two groups possess B- and C-
type chloroplast genomes (plastomes), respec-
tively (Doyle et al. 1990a). In G. tabacina, both
A- and B-type chloroplast genomes have been
detected in polyploid accessions (Doyle et al.
1990a, c). G. tabacina ‘P1483204’ has the
B-type chloroplast genome (Doyle et al.
1990a). The results of crossing analyses, which
correspond well with chloroplast genome types,
suggest that G. tabacina ‘PI373990’ also has the
B-type chloroplast genome (Doyle et al. 1990a).
Consequently, the two groups in Clade IV
correspond to the groups of B- and C-type
chloroplast genomes of Doyle et al. (1990a).
Clade III contained the other accessions for
the subgenus Glycine. The largest group in
Clade III consisted of Taiwanese accessions
of G. tabacina (‘D00014’, ‘D00022-7’ and
‘D00018-1’), an Australian accession of
G. tomentella (‘PI339657’), G. argyrea, and
G. arenaria. G. clandestina, G. latrobeana, and
G. canescens also formed a clade. Five species
that belonged to Clade III (G. argyrea,
G. clandestina, G. latrobeana, G. canescens,
and Oceanian G. tomentella) possess the
A-type chloroplast genome (Doyle et al.
1990a). The chloroplast genomes of the other
accessions belonging to Clade III, namely,
G. arenaria, G. dolichocarpa and the Taiwanese
accessions of G. tomentella and G. tabacina, are
presumably the A-type, since Clade III was
strongly supported by its bootstrap value.
In Clade III, close relationships were found
among G. clandestina, G. latrobeana, and
G. canescens, and between the Taiwanese
accessions ofG. tomentella andG. dolichocarpa.
With regard to G. tomentella and G. tabacina,
which include polyploid plants (see Hymowitz
et al. 1998), all ﬁve G. tomentella accessions
belonged to Clade III, while the G. tabacina
accessions were split between Clades III and IV.
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We analyzed the chromosome number for the
G. tabacina, G. tomentella, and G. dolichocarpa
specimens from Taiwan. All seven Taiwanese
accessions contained 80 chromosomes, indicat-
ing that these are tetraploid plants (data not
shown).
Fig 2. Strict consensus tree of 24 most parsimonious trees of the genus Glycine generated from sequences of
four non-coding regions of cpDNA. Tree length¼ 530, CI¼ 0.721, RI¼ 0.861, RC¼ 0.620. Percentage of
bootstrap replications is written in italic numerals and is given for nodes with bootstrap values >50%. I–IV
indicate four major clades generated on the tree. Numbers indicate indels. Open boxes and ﬁlled boxes
indicate non-homoplasious and homoplasious indels, respectively. The absence of sequences at the positions
of indels 10–15 in the accessions of the subgenus Soja (see Table 4) was regarded as absence of sequences due
to a larger indel, indel 9. Similarly, the presence of sequences at the position of indel 30 in MIC IL449, MIC
440956, TAB/40 373990 and TAB/80 483204 (see Table 5) was regarded as presence of sequences due to a
larger indel, indel 29
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Fig. 3. Neighbor-joining tree of the genus Glycine generated using the sequences of the four cpDNA regions.
Bootstrap values of 1000 replicates (>500) are shown by italic numerals. A scale bar represents branch length
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We located 36 indels on the phylogenetic
tree constructed using base substitutions. Indels
9, 30, 32, 34, and 36, and indel 3were found to be
synapomorphic for the subgenera Soja and
Glycine, respectively. Likewise, indels 8, 13, 15,
16, 19, 21, 22 and 33 were synapomorphic for
the genus Glycine. Indels 10, 18, 20, 25, 27, 29,
31, and 35 were homoplasious on the phyloge-
netic tree.
A phylogenetic tree was also constructed
using the NJ method (Saitou and Nei 1987;
Fig. 3). The branching order of the NJ tree
was very similar to that of parsimony tree,
except that in the NJ tree the close relation-
ships between G. tomentella ‘E00007-3’ and
two Taiwanese accessions disappeared, and the
placement of G. canescens was changed. In the
NJ tree, the subgenus Soja and the A-, B-, and
C-type chloroplast genome groups in the
subgenus Glycine were clearly separated. The
tree topology suggests that the three groups of
chloroplast genomes in the subgenus Glycine
arose soon after the subgenera Soja and
Glycine diverged from a common ancestor.
Discussion
CpDNA sequence variation
in the genus Glycine
Very little sequence variation has been detected
within the subgenus Soja in the four cpDNA
intergenic spacer regions, while a number of
mutations have been detected within the
subgenus Glycine and between these two
subgenera. Morton (1995) reported that the
transversion to transition ratio increased with
increasing AT content in non-coding cpDNA
regions. A high transversion to transition ratio
was also found in the region rps11-rpl36, in
which we found that the AT content was
higher than in the other regions (see Table 7).
In addition to base substitutions, we detected
36 indels in the four non-coding cpDNA
regions. Slipped-strand mispairing mediated
by repeated sequences (Levinson and Gutman
1987), also known as replication slippage, is
most likely the mechanism responsible for the
formation of indels in cpDNA. In 26 out of 36
cases, the indels accompanied direct repeats.
Eight indels were found to be homoplasious
when they were optimized on the phylogenetic
tree constructed using base substitutions. Re-
cently, Mes et al. (2000) reported that indels in
cpDNA that appear as homoplasious events
accompany the possible formation of stabilized
secondary structures in Taraxacum, which may
explain the occurrence of repeated mutations
at speciﬁc sites. We examined whether second-
ary structures could be formed in the sequences
surrounding the indels. Indel 29 was located in a
stem-loop structure consisting of an 11-nucleo-
tide stem, which contained eight matched
nucleotides, and an 11-nucleotide loop. Indel
35 was located in a similar stem-loop structure
in which the stem contained nine matched
nucleotides. The other homoplasious indels




In the phylogenetic tree, the subgenera Soja
and Glycine were clearly separated from each
other. The accessions for the subgenus Glycine
were further classiﬁed into two major clades
(Clades III and IV) that were supported by high
bootstrap values. Clade III contained species
possessing the A-type chloroplast genome,
while clade IV contained monophyletic groups
that correspond to the B- and C-type chloro-
plast genomes of Doyle et al. (1990a). The
formation of monophyletic groups by diploid
species in each genome group was also appar-
ent on phylogenetic trees based on cpDNA
restriction-site variation (Doyle et al. 1990a)
and on sequence variation in the nuclear
ITS region (Kollipara et al. 1997). The
observed close relationships among species in
each group were also consistent with a cytoge-
netic study of interspeciﬁc hybrids (Singh et al.
1988).
G. clandestina, G. latrobeana, and G. canes-
cens formed a group in Clade III on the
consensus tree. Close relationships among
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these three species were also found in the
phylogenetic tree based on sequence variation
in the ITS regions of nuclear rDNA (Kollipara
et al. 1997), whereas the relationships were not
supported in the phylogenetic tree based on
cpDNA restriction-site variation (Doyle et al.
1990a). In the analysis of cpDNA restriction-
site variation, G. argyrea, G. canescens and
G. clandestina formed a clade together with
G. arenaria and G. tomentella as a polytomy,
while G. latrobeana belonged to a diﬀerent
clade (Doyle et al. 1990a).However,G. argyrea,
G. canescens and G. clandestina formed a clade
together with G. latrobeana in the ITS-
sequence-based tree (Kollipara et al. 1997),
while only G. argyrea and G. canescens of these
four species were resolved in the strict consen-
sus tree based on the sequence analysis of
A-199a locus (Zhu et al. 1995). What caused
this incongruence is not known at present.
Regarding these species, close relationships
between G. argyrea, G. canescens, G. clandes-
tina and G. latrobeana have also been reported
based on high percentages of meiotic pairing in
the F1 hybrids or similarity in seed storage
protein banding proﬁles (reviewed by Hymo-
witz et al. 1998). Formation of a group by
G. clandestina, G. latrobeana and G. canescens
in our study is consistent with the phylogenies
other than the phylogeny based on cpDNA
restriction-site variation. However, our results
did not strongly support any one of them,
although the G. argyrea branch in our trees
was not supported by a high bootstrap value.
One of the other interesting results in our
phylogenetic analysis is the placement of
G. tomentella and G. tabacina accessions on
the tree. These two species each form highly
diverse polyploid species complexes both mor-
phologically and biogeographically; these
probably originated through allopolyploidiza-
tion (for a review, see Hymowitz et al. 1998).
The G. tabacina polyploid complex includes a
minimum of two groups with diﬀerent genome
types, namely, AAB2B2 and BBB2B2, which
are referable to the A and B chloroplast
genomes of diploid plants, respectively (Doyle
et al. 1990c). The ﬁve tetraploid G. tabacina
accessions analyzed in this study were distrib-
uted among Clades III and IV. This result is
consistent with the presence of both the A- and
B-type chloroplast genome in G. tabacina
(Doyle et al. 1990c). Considering the maternal
inheritance of cpDNA in this genus (Corriveau
and Coleman 1988), this indicates that both
plants with the A-type chloroplast genome and
those with the B-type chloroplast genome were
maternal parents in hybridizations that were
followed by polyploidization. The three
Taiwanese accessions and an Australian G.
tabacina accession were isolated from each
other in Clade III. This also shows the
diversiﬁcation of the chloroplast genome with-
in G. tabacina.
G. tomentella also consists of a complex of
diﬀerent nuclear genome types, as revealed in
an isozyme study (Doyle and Brown 1985) and
RFLP analysis of 5S ribosomal DNA (Doyle
and Brown 1989). These results indicate that
tetraploid G. tomentella plants have arisen
repeatedly through hybridization between
plants possessing diﬀerent nuclear genome
types (see Hymowitz et al. 1998). All the
G. tomentella accessions analyzed in this study
belonged to Clade III, suggesting that they
have the A-type chloroplast genome. A previ-
ous analysis of cpDNA restriction-site varia-
tion examined eight Oceanian G. tomentella
accessions, and they were all classiﬁed in the
A-type chloroplast genome (plastome) group
(Doyle et al. 1990a). Both results suggest that
the chloroplast genome type of G. tomentella
is predominantly A, and this is due to either
hybridization events that occurred within a
group of plants possessing the A-type chlo-
roplast genome, or to a bias in the direction of
pollen ﬂow resulting in the preferential use of
these plants as maternal parents.
The Taiwanese G. tomentella formed a
clade with G. dolichocarpa, a recently reported
species distributed along the southeast coast
and the north of Taiwan (see Tateishi and
Ohashi 1992). Morphological analyses have
shown that G. dolichocarpa is most similar to
G. tomentella, but is distinguished from it by
legume characters in combination with diﬀer-
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ences in ﬂower, calyx, leaﬂet, and the hairiness
of stems and petioles. Their analyses have also
shown that after G. tomentella, G. tabacina is
the species most similar to G. dolichocarpa
(Tateishi and Ohashi 1992). The close similar-
ity of the chloroplast genomes of G. tomentella
and G. dolichocarpa is consistent with the
morphological observations, and suggests that
G. dolichocarpa arose from a G. tomentella
polyploid complex.
Evolution in the subgenus Soja
and the relationship between
the subgenera Soja and Glycine
Six diﬀerent sequences distinguished by varia-
tion in the four cpDNA regions were detected in
the subgenus Soja; these were at positions 13
and 229 in trnS-trnG, positions 93 (indel 25) and
262 in rps11-rpl36, and positions 72 and 254 in
rps3-rpl16. Ten mutations [at positions 324
(indel 9), 635, 694, and 696 in trnS-trnG, 38,
162 (indel 30) and 238 (indel 32) in rps11-rpl36,
and182 (indel 34), 214 (indel 36) and303 in rps3-
rpl16] were found to be synapomorphic in the
subgenus Soja. Considering the six mutations
that were found within the subgenus Soja (see
above), 16 (10 + 6)mutations have occurred in
the lineage leading to the subgenusSoja after the
divergence of Soja and Glycine. These muta-
tions clearly separated the Soja chloroplast
genomes from those of the subgenus Glycine
(see Fig. 3). In contrast to the subgenusGlycine,
the subgenus Soja contains little cpDNA vari-
ation, as mentioned above, although G. soja is
distributed widely in East Asia.
Diﬀerence in the amount of sequence
variation between the subgenera Soja and
Glycine may be ascribed to diﬀerences between
these subgenera in life history trait such as
annual- or perennial-life cycles, or rate of
outcrossing. However, it seems likely that very
low level of cpDNA variation in the subgenus
Soja involves particular propagation process.
A plausible explanation is that the distribution
of G. soja expanded rapidly from small pop-
ulations. Natural G. soja habitats are often
found in naturally or artiﬁcially disturbed
sites, such as roadsides and riverbanks, sug-
gesting that G. soja is adapted to these envi-
ronments. We presume that this feature may
have been involved in the rapid geographical
expansion of G. soja in East Asia. Suppose
expansion of the distribution of G. soja
occurred recently, loss of the diversity it should
have had should also be considered. Xu et al.
(2000) detected ﬁve mutations that distinguish
between the types I and II chloroplast genomes
and the type III chloroplast genome in the
subgenus Soja. Neither intermediate type be-
tween them nor variation within the types I and
II chloroplast genomes was detected by subse-
quent PCR-RFLP analysis of 6 restriction sites
in 124 accessions of the subgenus Soja (Xu et al.
2001) and by the sequence analysis of this study.
These results suggest that some lineages of
G. soja have disappeared during evolution
(unless occurrence of all the ﬁve mutations at a
time is assumed), which is reminiscent of loss of
diversity in the subgenusSoja as awhole that we
mentioned above. G. soja may have evolved
through a process that involves repeated expan-
sion of its distribution from small populations
and extinction of the expanded populations.
Alternatively, G. soja may have been main-
tained in relatively small populations until
recently and rapidly expanded its distribution
from limited populations. It may also be possi-
ble to mention that the subgenus Glycine, on
the other hand, has expanded its distribution
without losing signiﬁcant amount of genetic
diversity that it had once obtained.
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